A simple wet chemical method involving only sonication in aqueous GdCl3 solution was used for surface functionalization of iron-filled multiwalled carbon nanotubes with gadolinium.
Introduction
Carbon nanotubes (CNTs) have potential applications in many aspects of biomedicine owing to the outstanding mechanical, optical, and electronic properties [1] . Various functionalization methods for tuning the properties to a given application have been developed. Magnetic functionalization has resulted in nanohybrids with desirable chemical, magnetic, and other physical properties for magnetic hyperthermia cancer therapy, contrast agents for magnetic resonance imaging (MRI), and magnetic carrier and drug delivery systems [1] [2] [3] [4] . In addition to filling the central capillary of CNTs with magnetic nanostructures, benefits can be gained by surface functionalization of the inert sidewalls [5] . Generally, covalent and non-covalent modifications are frequently used to functionalize the CNT surface [6] . Covalent functionalization which is associated with the transformation of sp 2 -into sp 3 -hybridized bonding commonly is achieved by using both chemical modifications by strong acids and ultra-sonication pre-treatments [5] .
These treatments together alter the tube walls by introducing considerable defects and dangling bonds where various functional groups (such as hydroxyl, carbonyl, carboxyl, etc.) can be covalently attached providing active nucleation site for loading of nanoparticles [7] . However, care has to be taken since strong acid treatment accompanied with sonication may result in severe damage to the sidewalls which can modify the physical properties [6] . Moreover, the properties of a sensitive filling material may be destroyed by treatment at high temperature, or strong pH values, required by some methods reported in the literature. For example, the saturation magnetisation of surface functionalized iron-filled multiwalled carbon nanotubes (FeMWCNTs) is dramatically lowered if functionalized via acid treatment because the iron is oxidised by the acid [2] . Also, the nanohybrids used as carriers for drug delivery or tissue 3 *Corresponding author. E-mail address: m.baxendale@qmul.ac.uk (M. Baxendale).
engineering often contain sensitive organic moieties anchored on the carbon nanotubes which may be similarly damaged by strong pH values or by high temperature treatment [4] .
In contrast, noncovalent functionalization is achieved by coating CNTs with amphiphilic surfactant molecules or polymers using various adsorption forces, such as the van der Waals force, hydrogen bonds, electrostatic forces, and π-stacking interactions [8] [9] [10] . Non-covalent functionalization has the advantage that it could be done under relatively mild reaction conditions so the integrity of the CNT and filling material can be maintained [6] . However, for biomedical applications, the use of polymers, surfactants or specific reactants could affect the biological response [4] . Alternative, non-destructive methods for multiple-functionalization and generally application are needed to prepare surface-functionalised CNTs. Mild sonication of MWCNTs in deionized water is known to the oxidise existing -CHn groups on outer walls, initially to -OH then to -C=O and finally to -COOH depending on the degree of local energy density delivered to the surface by the sonication [11] .
Fe-MWCNTs have been studied for over decade owing to the number of potential applications.
The MWCNT serves to chemically passivate the internal nanowire and prevent mechanical degradation. The structures self-organise on inert substrates exposed to the vapour-phase products of ferrocene (Fe(C5H5)2) pyrolysis at high temperature. The detail of the growth mechanism is controversial but the general features are usually expressed within a vapour-liquid-solid framework. The encapsulated ferromagnetic nanowires display high coercivity due to the shape anisotropy. The most commonly observed encapsulated crystalline nanowires are Fe3C (ferro- magnetic), α-Fe (ferromagnetic), and γ-Fe (paramagnetic). The synthesis and general applications of carbon nanotubes filled with ferromagnetic materials is reviewed in Ref. [12] , and specifically biomedical applications in Ref. [1] .
Here, we report the surface functionalization of Fe-MWCNTs with gadolinium by a single-step method characterised by rapid and easy attachment of Gd 3+ ions onto MWCNT sidewalls: candidate hybrids for dual-functioning magnetic hyperthermia cancer therapy and MRI contrast agent structures owing to integration of both the heating element (Fe) and the paramagnetic Gd(III) .
The claim of suitability for the magnetic hyperthermia application is made on the basis of measurement of the specific absorption rate (SAR), expressed as hysteretic power dissipation per unit mass of active ferromagnetic material upon exposure to a time-varying magnetic field [13] . The clinical practice of magnetic hyperthermia cancer therapy determines the limits of magnetic field strength (<15 kA/m) and frequency (50 kHz -1.2 MHz) for a valid SAR measurement for this application [13] . A measurable SAR is an important prerequisite for embarkation on the very long pathway -a reflection the regulatory and other technological barriers -to an eventual clinically acceptable therapy [14] .
The claim of suitability for the MRI contrast agent functionality is made on the basis of direct observation of a room temperature electron paramagnetic resonance (EPR) signal that is the signature of lanthanide ions with a half filled sub-shell [15, 16] . Although pristine or low Fecontent MWCNTs function as MRI contrast agents, the most common T1 contrast agent in clinical usage is the strongly paramagnetic Gd (III) [17, 18] . The advantage of mild pH and sonication conditions has the benefits; (i) the magnetic properties of Fe-MWCNTs are maintained after surface functionalization, which will otherwise be destroyed if a conventional acid treatment process was applied, and (ii) the method does not involve the additional use of amphiphilic surfactant molecules or polymers which could affect the biological response.
Experimental

Fe-MWCNT Synthesis
The reactor for Fe-MWCNT production comprised a horizontal quartz tube inside preheater and central-zone heating elements, Fig decanted. The washing procedure was repeated three times before the sample was dried in air.
Characterization
EPR measurements were performed at room temperature using a Bruker Elexsys E 580 spectometer, in the X frequency band (9.4GHz). EELS was performed on the Nion UltraSTEM 100, Cs corrected, dedicated scanning transmission electron microscope equipped with a Gatan Enfina EELS spectrometer. The acceleration voltage used for the experiment was 100 kV, with a probe size of 0.9 Å. The samples for EELS were prepared by transferring the structures to carbon-coated copper grids and baked at 135 ⁰C for 6 hours. X-ray diffraction analyses were performed using a Siemens D5000 diffractometer and an Xpert-Pro diffractometer (both with dry. The magnetic measurements were performed at 300 K with a Quantum Design MPMS-7 SQUID magnetometer on a powder sample. The heating functionality of Gd 3+ -functionalized Fe-MWCNTs was studied using a Magnetherm system (NanoTherics); the sample prepared by mixing gadolinium-functionalized Fe-MWCNTs in 1:1 weight ratio with human serum albumin and dispersed in phosphate buffered saline using ultrasonication. The volume of the sample was 2 ml and the concentration was 5 mg/ml. The SAR was measured in an alternating applied magnetic field of frequency of 696 kHz and strength of 8 kA/m. The samples were handled in air for the two-month duration of the experimental work; the Gd content was directly observed in the high-vacuum conditions of the HRTEM after the two-hour 130 ⁰C heat treatment described above. There was no time variation of the EELS chemical mapping signals, taken using a 100 keV probe, on a timescale of several hours.
Results and discussions
The presence of Gd 3+ was assessed using EPR spectroscopy since the method is sensitive to paramagnetic ion content. Fig. 2 shows the EPR spectra for gadolinium functionalized FeMWCNTs and unfunctionalized Fe-MWNTs, both measured at room temperature. The unfunctionalized Fe-MWCNTs signal exhibits a very weak and wide resonance in agreement with previous reports [19] . The gadolinium-functionalized Fe-MWCNTs signal is of the so-called U-spectrum type characterised by broad features [15] . ), L=0, S=7/2, can an EPR signal be observed at room temperature [16] . We conclude that some gadolinium present in our sample is in the Gd 3+ state. The signal broadening is usually attributed to the dipole-dipole interaction between the Gd 3+ ions [20] . The spectrum can be considered as the superposition of two distinct signals arising: (i) isolated ions trapped at the defect sites of MWCNTs, (ii) and clustered ions [21] . It is reported that the shape of EPR spectrum for clusters is smeared by strong dipole-dipole interaction as well as exchange coupling between closely spaced Gd 3+ ions [20] .
To investigate the spatial distribution of gadolinium in the modified Fe-MWCNTs, we performed scanning transmission electron microscopy-annular dark-field (STEM-ADF) imaging (a technique that is atomic number sensitive) in an aberration-corrected STEM with chemical The chemical map for gadolinium of the area of image (C), the bright regions indicate high density. Fig. 4(A) shows a bright-field image of a gadolinium-functionalized Fe-MWCNT; the EELS spectra taken from locations labelled 1 and 2 and in the clearly defined pristine MWCNT walls, labelled 3, Fig. 4 (B,C). The background to all spectra was subtracted by fitting a decaying power-law function to the energy window below the edge onset. The EELS spectrum obtained from the pristine MWCNT wall region closely corresponds with those reported in the literature [23] . The spectrum exhibits the spectral fingerprint of sp 2 -hybridized carbon with high intensity peaks at 285 eV and 292 eV, corresponding to the excitation of a 1s core electron to the unoccupied π * and σ * orbitals, respectively. In the spectrum obtained from location 1, both π* and σ* peaks from the carbon are also present but in contrast with the spectrum from pristine MWCNT region, the π* peak intensity is reduced relative to the σ* peak. A similar behaviour was observed in single-walled carbon nanotubes by X-ray absorption spectroscopy and was associated with the incorporation and release of C-O and C-H bonds [24] . This is consistent with a destruction of C-C π and σ bonds during the sonication treatment and the attachment of functional groups on the MWCNT sidewalls [5, 11] . Furthermore, the decrease of the π* peak intensity is accompanied by the smearing of the σ* peak to the higher energy features at 293 eV characteristic of the pristine MWCNT. The slight decrease of the π* peak could indicate that a small fraction of the carbon atoms form sp 3 -type bonds with gadolinium atoms. This is consistent with the presence of the gadolinium in this location and with X-ray diffraction measurement which showed the presence of a small quantity (0.3%) of the gadolinium carbide phase, Fig.5 . A large decrease of the π* and σ* peaks intensity accompanied by a large broadening of the σ* peak it is evident in the spectrum taken at location 2. Another interesting feature of this spectrum is the presence of a small peak at 288.4 eV, between the π* and σ* peaks which is shown with an arrow in the inset of Fig. 4(c) . Similar behaviour has been observed on previous XAS studies of graphite oxide and doped graphene [25, 26] . This observation supports the presence of the oxygenated groups on the sidewalls of the sonicated MWCNTs [5, 11] . This is consistent with the presence of the broad oxygen K-edge feature at 535 eV which has been attributed to convolved signals from carboxyl and hydroxyl groups [27] . In contact with the water these functional groups deprotonate, thus leaving a negatively charged carbon surface [28] . The surface charge significantly improves the interaction between the MWCNTs and metal cations [28] . Since the functional groups attract the M x+ ions and the gadolinium in the sample is in the Gd 3+ state, we conclude that it is the ionic interaction between the deprotonated carboxyl groups and Gd 3+ ions that attaches the gadolinium to the MWCNT surface.
The X-ray diffraction (XRD) pattern obtained from gadolinium-functionalized Fe-MWCNT powder is shown in Figure 5 (A). Rietveld analyses of the XRD diffractogram was used to determine the relative abundances of the components of the sample revealed α-Fe (bcc) as the dominant encapsulated Fe phase and minor presence of γ-Fe (fcc) and iron carbide (Fe3C). The analysis also revealed the presence of the iron oxide (Fe3O4), gadolinium chloride (GdCl3), and a small amount of gadolinium carbide (Gd2C3): there is no HAADF evidence for these compounds as encapsulated phases or surface-bound groups; we conclude that these components are external to the Fe-MWCNTs. The relative weight abundances were found to be: 0.5% γ-Fe, 24% α-Fe, 0.6% Fe3C, 65% MWCNTs, 8% Fe3O4, 1.5% GdCl3, 0.3% Gd2C3. The magnetic field dependence of the magnetization of the gadolinium-functionalized FeMWCNTs powder is presented in Fig. 5(B) . At room temperature, the encapsulated iron ex- the surface functionalization is crucial for application of this material in magnetic hyperthermia cancer therapy.
The heating efficiency of the sample was tested in an alternating magnetic field of frequency 696 kHz and strength of 8 kA/m; the measured SAR was 50 W/gFe, where the gFe denotes the mass of the iron obtained through the relative abundance calculation described above.
Conclusion
We have demonstrated a simple wet chemical method involving only sonication in aqueous GdCl3 solution to functionalize Fe-MWCNTs with gadolinium. This method results in loading of Gd 3+ ions on the MWCNTs surface due to the ionic interaction between the Gd 3+ ions and the deprotonated carboxyl groups created on the MWCNT sidewalls during the sonication process. The ferromagnetic properties of the encapsulated iron nanowire maintained after surface functionalization. A SAR of 50W/gFe was measured in an alternating magnetic field of frequency 696 kHz and field strength of 8 kA/m. These structures are therefore candidate hybrids for MRI imaging and magnetic hyperthermia cancer therapy with both heating functionality and integrated paramagnetic Gd (III), the most common MRI contrast agent in clinical usage.
